ABSTRACT: The development of an easily synthesized, modular, and tunable organic photoswitch that responds to visible light has been a long-standing pursuit. Herein we provide a detailed account of the design and synthesis of a new class of photochromes based on furfural, termed donor−acceptor Stenhouse adducts (DASAs). A wide variety of these derivatives are easily prepared from commercially available starting materials, and their photophysical properties are shown to be dependent on the substituents of the push−pull system. Analysis of the switching behavior provides conditions to access the two structural isomers of the DASAs, reversibly switch between them, and use their unique solubility behavior to provide dynamic phase-transfer materials. Overall, these negative photochromes respond to visible light and heat and display an unprecedented level of structural modularity and tunabilty.
■ INTRODUCTION
In recent decades, significant effort has been devoted to the chemistry of organic photochromic systems. Their ability to undergo reversible spectral and physical property changes has led to applications ranging from energy production, 1 chemical sensing, 2 and molecular actuators 3 to biological systems. 4, 5 The driving force for this focus is the abundant and versatile nature of light as a stimulus which enables both temporal and spatial resolution.
Recently, we reported a new class of T-type organic photochromic molecules (Scheme 1) that operate using visible light, 6 termed donor−acceptor Stenhouse adducts (DASAs). 7 The synthesis of these organic photoswitches can be conducted on large scale under simple reaction conditions starting from furfural, a commodity chemical derived from nonedible biomass. In our initial communication, we focused on the properties and application of this new class of organic photochromic molecules. Herein we provide a detailed report on our synthetic efforts in this area and describe a range of additional properties for these compounds. During the initial design stage, we established three criteria for an ideal new class of organic photochromic material that helped guide our discovery efforts: (1) intrinsic activation by visible light, (2) significant change in spectral absorption, solubility, and volume, and (3) facile synthetic access, modularity and tunability (Scheme 1).
A number of important contributions helped us establish the basis for the discovery of DASAs as a photoswitching platform. In 1870, Stenhouse discovered that in the presence of 2 equiv of a primary or secondary aniline and 1 equiv of protic acid furfural undergoes ring opening to give stable, intensely colored salts whose structure, five-carbon cyanine dyes with an OH group at the second carbon atom, was established by Schiff in 1887 ( Figure 1A) . 8 Initial imine/iminium formation between furfural and the aniline activates the furan nucleus to nucleophilic attack, which then leads to ring opening of furan and formation of the Stenhouse salt. Nearly a century later, in 1982, Honda disclosed the visible light mediated negative photochromism of Stenhouse salts ( Figure 1B) . 9 Although the mechanism and product of the photochromic reaction was not reported, the enolic OH group was determined to be critical for the photobleaching−thermal recoloration process since the parent cyanine dyes with no OH group (obtained by the Zincke ring opening of pyridinium salts) do not display these properties.
10 In Honda's report, the photobleaching-thermal recoloration process was strongly dependent on the concentration of added acid, and in the presence of 100 equiv of HCl photobleaching did not occur. This result is consistent with related studies on Stenhouse salts by Lewis and Mulquiney, even though they did not study the photochromic properties of these systems. 11 In the Lewis study, treatment of the Stenhouse salts with base only gave the corresponding colorless cyclopentenone adducts ( Figure 1C ). 11a Further, in 2000, Safar and co-workers reported a preliminary study on the rearrangement of 5-(furan-2-ylmethylene-)-2,2-dimethyl-1,3-dioxane-4,6-dione 6 with cyclic secondary aliphatic amines ( Figure 1D ). 12 In contrast to Stenhouse's work, this system exploited the electron-withdrawing nature of the cyclic dicarbonyl to impart the same result as imine/iminium activation. Interestingly, reaction of furan 6 with morpholine or piperidine in a 2:1 or 1:1 molar ratio resulted in a mixture of two compounds, the Stenhouse-based adduct 8 and the corresponding cyclopentenone 9. All attempts to separate this mixture were unsuccessful; however, treatment of this mixture with excess HBr gave exclusively the cyclopentenone hydrobromide 10, and presumably the equilibrium was driven to the product by precipitation of the salt. Based on these reports and our interest in the cascade rearrangements of furylcarbinols, 13 we hypothesized that the photochromic behavior observed by Honda was due to a reversible interconversion between the open Stenhouse salt and the closed 4,5-aminocyclopentenone. Combined, these studies also suggest that the ability to tune and control the process by which the open Stenhouse adduct and the closed cyclopentenone adduct interconvert is dependent on the substituents of the push−pull system derived from the amine ring opening of furfural or its derivatives. With these considerations in mind, the Stenhouse-based adducts with a general structure of 13 were selected for initial studies ( Figure 1E ).
■ RESULTS AND DISCUSSION
Synthesis. At the outset, we sought to develop optimal conditions, compatible with a diverse range of secondary aliphatic amines, for the selective formation of the colored triene Stenhouse adduct 8 without concomitant generation of the cyclopentenone 9. The optimal conditions were initially identified using pyrrolidine (Table 1) . Reacting an equimolar ratio of furylidene−Meldrum's acid 6 and pyrrolidine in tetrahydrofuran provided the desired Stenhouse adduct 8 in 95% yield with filtration as the only purification necessary (entry 7). In direct contrast, the use of other solvents required heating to 50°C and resulted in lower yields (entries 5 and 6) or inseparable mixtures of Stenhouse adduct 8 and cyclopentenone 9 (entries 1−4). While the addition of Lewis acids or bases such as dysprosium triflate or DABCO increased yields, these conditions also produced mixtures of 8 and 9 (entries 2 and 3).
With optimized conditions for the selective formation and isolation of the Stenhouse-based adduct 8, we next proceeded to evaluate the generality of this process with a range of amines ( Figure 2) . We found that a broad array of secondary aliphatic amines were competent reaction partners, including both cyclic and acyclic amines, while secondary aniline derivatives also led to ring opened triene products, albeit in diminished yield (22%). Unfortunately, reaction of 6 with primary anilines and primary aliphatic amines resulted in decomposition.
With these results in hand, we then sought to determine if other active methylene compounds could effectively activate the furan ring toward ring opening.
14 To this end, the substrates outlined in Scheme 2 were prepared by Knoevenagel condensation with furfural, followed by treatment with diethylamine. To our gratification, the reactions provided the anticipated highly colored crystalline trienes 34 and 36 in 85% and 87% yield, respectively. Interestingly, the use of 1,1-dicyanomethylene-3-indanone and 1,3-bis(dicyanomethylene)-indan did not produce the desired triene, instead giving the expanded ring dihydroindenopyridine carbonitrile derivatives 38 and 40, which upon standing oxidize to the pyridine adduct.
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Of these activating groups, we chose to further evaluate the scope of the furan ring opening with 1,3-dimethylbarbituric acid activated furan (33) and a range of secondary amines. We were particularly attracted to 1,3-disubstituted barbituric acids, as these moieties are readily prepared and the nitrogen substituents provide a functional group handle to further tailor the acceptor group to specific applications. We were pleased to find that the desired Stenhouse adducts were formed in good yield and had nearly equal scope as the Meldrum's acid derivatives with respect to the compatibility of the amine nucleophile with few exceptions. In the case of morpholine (44) and phenylpiperazine (45) decomposition of 33 is observed, whereas for isoindoline (55), dibenzylamine (56), and N-methylaniline (57) the starting material is recovered ( Figure 3 ). To probe the potential diversity of substituents on the barbituric acid group and to provide evidence that the N-group could serve as a functional handle for the incorporation of these molecules into materials, we prepared six 1,3-disubstituted barbituric acids with various alkyl and aryl substituents. After condensation with furfural, reaction with diethylamine resulted in ring opening to give the anticipated colored trienes in high yield ( Figure 4) .
In terms of synthetic ease, it is worth noting that the two-step synthesis of the organic photochromic molecules can be achieved in a one-pot fashion "on water" without affecting yield. As shown in Scheme 3, on-water Knoevenagel condensation between furfural and either Meldrum's acid or 1,3-dimethylbarbituric acid is complete within 2 h. 16 Direct addition of the amine nucleophile results in formation of the Stenhouse adduct, which then can be isolated by extraction with dichloromethane (see the Supporting Information for full experimental details). The facile nature of this process further highlights the practicality and user-friendly protocol to access these novel organic photochromic materials. Of greater importance for the widespread use of these materials is the observation that these highly colored Stenhouse adducts are benchtop-stable, crystalline solids that can be stored without With straightforward access to the stable, highly colored triene adducts, we sought to develop conditions to isolate and characterize the metastable cyclopentenone adduct. Although the stability of the cyclopentenone adduct is highly dependent on the nature of the secondary amine and the acceptor group, we have found that photoisomerization in polar protic solvents provides access to the closed form for a number of organic photochromic molecules studied. For example, subjecting methanolic suspensions of Stenhouse adducts such as 8 to visible light irradiation results in the formation of the corresponding zwitterionic cyclopentenone. As shown in Figure  5 , adducts were converted to their colorless cyclopentenone isomer in excellent yields. Importantly, this mild procedure allows for isolation of these materials without the use of concentrated HBr, previously developed by Safar. 12 It is also important to note that a subset of the triene adducts synthesized do not undergo photoisomerization in methanol or toluene. These include adducts derived from amines bearing two benzylic carbons, isoindoline and dibenzylamine (30 and 31), or from amines bearing an electron-withdrawing group, proline methyl ester (21 and 47). Further, the Stenhouse adducts derived from acceptors other than Meldrum's acid or 1,3-disubstituted barbituric acids (namely indan-1,3-dione 36) also fail to exhibit photoisomerization. Future studies to better understand these effects are ongoing in our laboratory.
Negative Photochromism and Related Properties. With efficient access to a range of Stenhouse-based triene derivatives, the properties of these materials were examined with the diethyl amine adducts 22, 34, and 36 as model systems. 6 During our initial investigations, we were encouraged by the ability to tune the absorption of the triene by modifying the acceptor group. Of note, the choice of amine donor does not affect the λ max of the Stenhouse-based complexes studied to date. In toluene, all DASAs derived from Meldrum's acid have a λ max centered at 545 nm, from 1,3-disubstituted barbituric acids at 570 nm and from 1,3-indanedione at 600 nm ( Figure 6 ). We have found that these trienes display appreciable solvatochromism similar to other merocyanine-type materials (see the Supporting Information).
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The unidirectional conversion of the colored triene 22 to its colorless zwitterionic cyclopentenone isomer 73 can be monitored using NMR spectroscopy ( Figure 7A ). Irradiating a solution of 22 in deuterated methanol with a standard incandescent bulb or hand-held fluorescent lamp leads to a decrease in the NMR resonances attributable to 22 and an increase in those for 73 over the course of 4 h. This process was further examined by UV−vis spectroscopy for 34 in methanol ( Figure 7B ). Similarly, visible light irradiation produces a decrease in the absorption of 34 as it cyclizes to 78 over 50 min.
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The reversible conversion between the colored triene and the colorless cyclopentenone adduct is most dramatically effected by solvent ( Figure 8A ). This is similar to spiropyran 19 and diarylethene 20 systems, which have also been shown to be highly solvent dependent. In protic solvents (methanol or water), the colored triene can be triggered by visible light and converted into the colorless zwitterionic cyclopentenone form; however, thermal reversion to the triene does not occur. In contrast, thermal reversion to the colored triene form is facile in halogenated solvents (dichloromethane, chloroform, or chlorobenzene), but photoisomerization to the cyclopentenone does not occur. For reversible photocyclization of the triene to cyclopentenone with thermal reversion of the cyclopentenone back to the triene, aromatic solvents (toluene, benzene, or xylenes) are ideal. While the difference in the rate of photocyclization for 22 vs 34 is negligible, it should be noted that adducts derived from 1,3-dimethylbarbituric acid undergo thermal reversion nearly twice as fast as those derived from Meldrum's acid ( Figure 8B ).
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Intrigued by the solution-state behavior of our DASA materials, we reasoned that these compounds could engage in dynamic phase transfer. If true, this enables applications of these compounds as visible light activated phase-transfer tags. To probe the potential of this avenue, we layered toluene solutions of Meldrum's acid derived adducts 22, 24, and 26 over water ( Figure 9 ). Upon irradiation of these biphasic systems with visible light, the DASAs were observed to cyclize with transfer of the DASA to the aqueous layer being quantified by UV−vis and NMR spectroscopy. We found that the amine donor plays a dramatic role in the efficacy of transfer to the aqueous phase. Employing short alkyl chain amine donors (derivatives 22 and 24) results in near quantitative transfer of the DASA to the aqueous phase. Conversely, a long alkyl chain donor (derivative 26) results in DASA cyclization; however, this derivative fails to transfer to the aqueous phase. Efforts to thermally revert the cyclopentenone to the triene and transfer the adduct from the aqueous layer back to the aromatic organic layer were unsuccessful. However, separation of the resultant aqueous solution and extraction with DCM enabled recovery of the triene forms of derivatives 22 and 26 in 10% and quantitative yield, respectively, again highlighting the critical role of the amine donor in this process. Application of this procedure toward catalyst separation and recycling are underway in our laboratory and will be reported in due course.
Finally, further structural characterization of the two isomeric DASA states was provided by single-crystal X-ray diffraction, which revealed the triene form to be a conjugated, linear, hydrophobic material with an amine "donor" and a 1,3-dicarbonyl "acceptor". Our assignment of the cyclopentenone form as a zwitterion comes from the observation that these materials are water-soluble and further from bond length measurements in their crystal structures. We have found that one of the ester (or amide) functionalities in the 1,3-dicarbonyl moiety displays bond lengths more appropriate for a β-enolic ester (or amide) than a β-dicarbonyl (see the Supporting Information for further details). The large volume change these materials exhibit upon switching is clearly evident in their crystal structures ( Figure 10 ). Atomic distance measurements identify a 52% molecular contraction of the DASA upon switching as measured from the nitrogen donor to the carbon at the 5 position of the acceptor (7.34/7.40 Å for the open derivative, 3.55/3.53 Å for the closed). This distance is significantly greater than that observed for other privileged photoswitches whose molecular contraction has been exploited for a number of applications, including the spiropyran 23 or azobenzene 24 systems, (∼20% and 30% molecular contraction based on distance (Å) in published crystal structures, respectively).
■ CONCLUSION
In summary, we have developed general conditions for the ring opening of furfural derivatives activated with cyclic β-dicarbonyls by a wide variety of secondary amines to provide 1-dicarbonylmethylene-2-hydroxy-5-(dialkylamino)pentadienes. This strategy provides unprecedented synthetic modularity and tunability in the preparation of visible light activated photoswitches. We have further demonstrated that this process can be performed in a one-pot fashion in water from commercially available starting materials, leading to materials that undergo reversible photochromism to give stable, colorless 4-aminocyclopentenone zwitterions. We believe this work is a powerful addition to the field of organic photochromes, providing a versatile platform with unique properties that are synthetically accessible to a wide range of researchers.
■ EXPERIMENTAL SECTION
General Methods. Unless stated otherwise, reactions were conducted in flame-dried glassware under an atmosphere of air using reagent-grade solvents. All commercially obtained reagents were used as received. Reaction temperatures were controlled using automated temperature modulator, and unless stated otherwise, reactions were performed at room temperature (rt, approximately 23°C). Thin-layer chromatography (TLC) was conducted with E. Merck silica gel 60 F254 precoated plates (0.25 mm) and visualized by exposure to UV light (254 nm) or stained with anisaldehyde or potassium permanganate. Flash column chromatography was performed using normal-phase silica gel (60 Å, 230−240 mesh, Merck KGA).
1 H NMR spectra were recorded at 500 or 600 MHz and are reported relative to deuterated solvent signals. Data for 1 H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz) , and integration; 13 C NMR spectra were recorded at 125 or 150 MHz. Data for 13 C NMR spectra are reported as follows: shift (δ ppm). High-resolution mass spectra (HRMS) were obtained using a TOF mass spectrometer, whereas infrared (IR) spectra were obtained using a Fourier transform infrared spectrometer. The activated furan (1.0 equiv) was added to tetrahydrofuran (0.4 M). To this solution at 23°C was added 1.0 equiv of secondary amine. The reaction mixture was stirred at 23°C for 10 min followed by cooling at 0°C for 20 min. The reaction mixture was then filtered to collect the precipitated solid; the solid iswas washed with cold diethyl ether and dried in vacuo to afford the title compounds. 5 Na (22) has been previously reported 7 and can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif CCDC 865315. (27) . 2 O and reversion to 29 in organic solvents, the structure of 75 was confirmed by single crystal X-ray analysis. The crystal structure data for 2,2-dimethyl-4-oxo-5-(2-oxo-5-(1,2,3,4-tetrahydroisoquinolin-2-ium-2-yl)cyclopent-3-en-1-yl)-4H-1,3-dioxin-6-olate (75) can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif CCDC 844846. . 5-(Furan-2-ylmethylene)-1-methyl-3-octylpyrimidine-2,4,6-(1H,3H,5H)-trione (62). 1-methyl-3-octylpyrimidine-2,4,6-(1H,3H,5H)-trione (S1): A solution of methylamine−HCl (0.12 g, 1.79 mmol) in anhydrous DCM (15 mL) was treated with n-octyl isocyanate (0.30 mL, 1.70 mmol) under argon. Triethylamine (0.35 mL, 2.56 mmol) was then added, and the mixture was heated to reflux. After 1 h, malonyl dichloride (0.17 mL, 1.70 mmol) was added under argon and heated to reflux for an additional 1 h. The mixture was cooled to rt and quenched with 1 N HCl. The crude product was extracted with DCM (3 × 10 mL), washed with H 2 O (10 mL), dried over MgSO 4 , and filtered. The solvent was removed in vacuo and the product was purified by column chromatography (hexane/EtOAc = 9:1 to 1:1) to afford clear oil (302 mg, 67%): 1 
